There is a huge demand to accurately determine the magnetoelectrical properties of particles in the nano-sized regime due to the modern IC technology revolution and biomedical applications. In this paper, we present a microwave waveguide measurement technique for measuring complex permeability and permittivity of expensive nano-sized magnetic powder materials. We used a vector network analyzer to provide a standard TRL calibration for free space inside waveguide measurements. In order to maintain the recommended insertion phase range, a very thin prepared sample was loaded inside the calibrated waveguide. The loaded material's magnetic and dielectric effects were also considered in the cutoff wavelength calculation of the propagation constant of the TE 10 wave from the geometrical dimensions of the waveguides. These provisions make the permeability and permittivity measurements more reliable than those found by commonly used techniques. We used six different compounds of nano-sized ferrite powders (Fe 3 O 4 , CuFe 2 O 4 , CuFe 2 O 4 Zn, Fe 2 NiO 3 Zn, BaFe 12 O 19 , and SrFe 12 O 19 ), in which the average diameter of nano particles is less than 40 nm, for measurement purposes. We measured the complex permeability and permittivity from 3.95 to 5.85 GHz. The results show that the dielectric permittivity of these materials is quite different from that of solid-state materials.
I. INTRODUCTION
N ICOLSON and Ross [1] developed a broadband simultaneous measurement technique of transmission and reflection (T/R) by using forward and backward energy scattering in coaxial transmission line. Weir [2] extended it to waveguide transmission line by using a Hewlett-Packard vector network analyzer. Baker-Jarvis [3] has solved the phase ambiguity problem in [2] by using a reasonable guessing parameter to detect permittivity in relatively thick samples, in which the samples can be both lossless and lossy materials. Other attempts were also studied in [4] to remove inaccurate reflection peaks in complex permittivity measurements. Ever since the transmission and reflection technique was also used in the free space measurement technique [5] , [6] . The S-matrix analysis has also been deployed for the coaxial [7] and rectangular [8] , [9] waveguide techniques to determine the complex permeability and complex permittivity of specific materials. These measurements of the complex permeability and permittivity are very reliable. However, the minimum diameter requirement of Gaussian beams in free space measurement always requires a wavelength for operating at a central frequency. In order to avoid diffraction errors from target materials, the surface diameter of the target material was at least three times larger than the diameter of the Gaussian beam. This implies that in order to determine a material's electromagnetic properties at lower frequencies, a large amount of material is needed in the measurement process. Due to the relatively expensive and nominal nature of nano materials, a cost effective measurement technique requires a minimal sample size. For example, the coaxial transmission line technique [10] for this and delivers very accurate results. It is obvious that each waveguide has a limited frequency band; however, they do not suffer radiation losses like free space measurements except for the attenuation losses of specific modes in the waveguide. In order to remove any unwanted losses from the waveguide, we applied a standard TRL calibration [8] technique to achieve a zero reference plane for the measurements inside the waveguide. After a great number of trials using TRL calibration, we noticed that the loaded material's permittivity and permeability effects into the cutoff wavelengths from the free space waveguide need to be accounted for. Nevertheless, we have not seen this phenomenon explicitly expressed in any relevant works. In addition, the loaded material's thickness must be as thin as possible for lower frequency measurements in order to maintain the recommended insertion phase regime by Agilent. The thin sample is transparent to the signal, providing very accurate S-parameters and no phase ambiguity. It was also reported [3] that thinner sample loading technique was a source of errors due to uncertainty in reference plane positions. However, we noted that using the electrical delay function of VNA, one could eliminate those errors. To account for the thin loaded sample, we present a modified reflection and transmission formulation for in-waveguide measurements. Also presented is a modified permeability and permittivity formulation from the modified propagation constant of the loaded waveguide. Our studies show that these modifications are necessary and known data is presented to confirm the accuracy of the measurement technique. The derived permeability and permittivity data is very reliable and not effected by the scattering voltage ratios of the vector network analyzer.
II. THEORY AND MEASUREMENT
A propagating electromagnetic wave inside the waveguide is being reflected, , and transmitted, , by the loaded material. A diagram of this setup can be seen in Fig of certain materials. It is also very useful in determining the dielectric and magnetic complex permeability and permittivity of these materials.
In this waveguide measurement technique, the standard TRL calibration applies to the zero reference plane findings. The zero reference planes were realized by the typical quarter wavelength difference between thru and line in air. The recommended insertion phase ranges from 20 to 160 are retained by proper TRL calibration. In order for the insertion phase contributions from air to be removed from the actual transmission line for the loaded material measurements, the thinly prepared target materials were loaded inside the waveguide and mounted onto the zero reference planeside. The modified S parameters are as follows:
(1)
Return losses of less than 50 dB from the air inside the waveguide are easily achieved using the calibration techniques described. This enables us to neglect any unwanted reflections from the inner walls of the waveguide when analyzing the S parameters. The reflection and transmission by the scattering parameters inside the waveguide, in which the transmission and reflection may be resembled by free space formulations are presented in (2) . The transmission coefficient through the material may also be written as . Subsequently, the propagation constant through the material inside the waveguides can be derived as shown in (3) (2)
Normally, a sample thickness of less than one quarter wavelength is desirable in this calibration, because it will make . In order to achieve our goal and derive the complex permeability and permittivity for the loaded material inside the waveguide, we must determine the propagation constant through the materials in the waveguide. To achieve this, one must solve Maxwell's equations with respect to for the mode as seen in Fig. 2   (4) where . Solving Maxwell's equation leads to (5). C is a constant to be determined from boundary conditions. The boundary condition tells us that the propagation constant components may be presented as follows:
, . and . The total propagation constant through the material inside the waveguide:
. The propagation constant of the can subsequently be written as (6)
The complex permeability and permittivity associated with the propagation constant are
In our waveguide measurement technique, the propagating wave inside the waveguide was assumed to be the mode. This implies that the propagating wave detects the permeability directly. However, the permittivity is detected indirectly and can be derived as follows:
(8) where
The equations above are used to calculate the complex permeability and permittivity of samples inside the waveguide.
III. RESULTS
In order to validate this technique, we present our simultaneous complex permeability and permittvity measurement by using this technique for the known material YIG (1780CX, pacific microwave ceramic). The available YIG sample we have is for X-band, and the sample thickness is 0.5 mm and the shim thickness of TRL is 9.54 mm. YIG was recorded as by pacific microwave ceramics brochure. Looking at Fig. 3 , one is able to see that this method will not have the divergence problem like Weir. In addition, one does not need initial guess for the permittivity determination like Baker-Jarvis. In fact, Boughriet's approach was to avoid strong reflection coefficient effect to determine permittivity. This was because Weir's equation required the reflection coefficient multiple times to determine permittivity. In this case, the overlapped reflection coefficient may be responsible for causing the divergence in permittivity. However, (9) only needs a reflection coefficient to determine permittivity. The need to obtain an appropriate reflection coefficient is crucial in determining accurate permittivity measurements. This method may be inappropriate in simultaneously determining the permeability and permittivity of excited ferrite materials inside waveguides. However, it is possible to determine permittivity first for the materials of no magnetic resonances region from (9) . Then, one may determine permeability of the excited ferrite materials by (7) . One thus does not need the complicated modal matching technique [11] for the excited ferrite materials measurement inside waveguide. An investigation of propagations for the evanescent modes will take place in the near future. Now we present the measured complex permeability and permittivity of nano ferrite materials using this waveguide technique. One can recall previous studies using waveguide measurements where cutoff wavelengths were not accounted for in the permeability and permittivity measurements. The technique proposed in this paper demonstrates our ability to successfully account for the effect of the cutoff frequencies and obtain the potential permeability and permittivity as shown in Figs. 4-7 . Compared to previously published data, the results obtained using the new proposed technique shall be superior. This is because we successfully avoided the phase ambiguity and reference plane uncertainties in the measurement process. As expected, the propagation difference between our technique and one that does not account for cutoff wavelengths is small for the low permittivity material of Fe NiO Zn. However, for Fe O , which has a considerably higher permittivity, the difference in propagation constants is very significant. This leads one to believe that the complex parameters from propagation constants of previous analysis might be overestimated unless they get compensated by their parameters. Through the analysis, we have noticed that the recommended phase can be maintained for high permeability and permittivity materials by loading thinner samples. This implies that the measurement could be very successful for films such as carbon nanotubes due to the fact that the partial insertion phase region is able to prove the reflection and transmission theories of S-matrices using a two-port vector network analyzer.
IV. CONCLUSION
In this paper, the symmetrical permeability and permittivity equations were presented for the first time; (7) and (9) take into account the permeability and permittivity effect on the cutoff wavelengths of waveguide-based VNA measurements. The thinner sample loading technique provides a transparent environment for lossy and lossless material and avoids phase ambiguity in the measurement process. This allows one to measure the permittivity and permeability simultaneously without using a guessing parameter we measured the permeability and permittivity simultaneously. However, a little parasitic capacitance of the circuit was not solved in the measurements process due to the reflection uncertainty between the load and air. Fig. 4 exhibits that the nano powders of Fe O demonstrated a high real permittivity and a higher associated imaginary component. This may be due to the semi conductive behavior of this material. The nano powder, CuFeO , demonstrated relatively less complex permittivity compared to Fe O . In Fig. 5 , the cations (Ni and Zn) substituted nano spinel ferrites demonstrated a smaller loss in their permittivity and permeability when compared to Fe O and CuFeO . The real part of their permittivity is also smaller than that seen in Fig. 4 . This may be due to the diluted density of the materials as well as the intrinsic behavior of the material itself. Fig. 6 shows the nano hexaferrites with high resistivity and anisotropic energy demonstrated low loss and low permittivity behavior. The real parts of their permittivity react very slightly to an increase in frequency which may be due to reflection uncertainty. These nano hexaferrites have a permittivity that is close to air and can be accredited to excellent powder engineering. In all the measurements of complex permeability of the nano ferrite powders, the permeability is very close to that of air. This may be due to the fact that the 40 nm nano ferrites are already in a super paramagnetic state. According to Fig. 7 , the permeability and permittivity effect into cutoff wavelengths should be seriously considered for accurate measurements. As such, the preparations of some other nano particles for medical drug delivery applications as well as its frequencies responses were also studied from the recent reports of [12] and [13] . It implies that this technique will play a crucial role in the determination of nano particles' accurate microwave properties for their various medical and industrial applications.
